INTRODUCTION
The Mre11/Rad50/Nbs1 (MRN) complex plays a key role in the response of vertebrate cells to double-strand breaks (DSBs). MRN acts as a sensor of DSBs, links the DNA damage repair response with ATM-dependent cell cycle checkpoint regulation, and, in concert with other proteins (some of which the complex recruits, such as ATM and 53BP1), facilitates DSB repair with its DNAbinding, end-tethering, nuclease and unwinding activities (1) (2) (3) . Deletion of NBS1, RAD50 or MRE11 is embryonic lethal in mice (4) (5) (6) . In humans, hypomorphic mutations in NBS1 or MRE11 result in Nijmegen breakage syndrome (NBS) or ataxia telangiectasia-like disorder (ATLD), respectively; fibroblasts derived from individuals afflicted with these syndromes exhibit enhanced sensitivity to ionizing radiation and genetic instability due to defects in DSB repair [(7) and references therein].
In mammalian cells, two major pathways for the repair of radiation-induced DSBs have been identified: homologous recombination (HR) occurs preferentially during late S/G 2 , while non-homologous end joining (NHEJ) repairs DSBs throughout the cell cycle (8) (9) (10) . Growing evidence supports the existence of two NHEJ subpathways: the conservative (C-NHEJ) ''error-prone'' pathway, which does not require microhomology, and the alternative deletional (D-NHEJ) pathway, which requires microhomology to join ends with small deletions (11) . The MRN complex has long been known to be involved in HR, but its role in NHEJ has been ambiguous (12) (13) (14) . Recent reports, however, indicate a role for Mre11 (and possibly the MRN complex) in the classical and alternative NHEJ pathways (15) (16) (17) .
In human cells, the MRN complex is normally uniformly distributed in nuclei, but after exposure to ionizing radiation, MRN forms foci at the sites of DSBs (18) . Mre11 functions as both an endonuclease that cleaves hairpin DNA structures and a 39-59 doublestranded DNA exonuclease that efficiently degrades double-stranded substrates with blunt or recessed 39 ends (19, 20) . These activities are increased when bound to Rad50. Mre11 nuclease activity appears to be required for processing of ends prior to ligation, when the MRN complex tethers the two strands at the site of the DSB. Mre11 also mediates resection and annealing of complementary single-stranded DNA molecules (21) . Rad50 exhibits ATP-dependent double-stranded DNA binding and negatively regulates Mre11 endonucleolytic activity in yeast, prompting speculation that it regulates functional activity of the Mre11 complex (20, 22, 23) . Nbs1 plays a role in the activation of ATM (24) and is also essential for the phosphorylation of Mre11, a prerequisite for focus formation (25) . Nbs1 is involved in damage recognition, but the DNA damage-detection function of the MRN complex is not essential for the end-joining functions of the Rad50/Mre11 complex (26) . The MRN complex possesses several activities that are not observed in the absence of Nbs1, including ATPdependent partial unwinding of the DNA duplex, and cleavage of 39 protruding strands at double-stranded/ single-stranded transitions (20) . Nbs1 phosphorylation in response to DNA damage is a prerequisite for activation of the S-phase checkpoint (27) . Thus Nbs1 links the DSB repair response with cell cycle checkpoint control.
Since mammalian cells are sensitized to ionizing radiation if heated prior to or after irradiation, hyperthermia is being investigated for its use as an adjuvant to radiotherapy (28) . Heat inhibits the repair of DSBs induced by ionizing radiation, and radiosensitization is believed to be mediated by inhibition of DSB repair. Several hypotheses have been advanced to explain the mechanism by which heat inhibits DSB repair and sensitizes cells to ionizing radiation, including masking of ionizing radiation-induced DNA damage, alterations of accessibility of damaged sites due to nonspecific protein aggregation, or inactivation or aggregation of DNA repair proteins by heat, which would be expected to affect one or more of the DSB repair pathways [(29-31) and references therein]. However, the exact mechanisms for heat radiosensitization have yet to be elucidated, and even the issue of which of the repair pathways may be affected has yet to be resolved conclusively (29) .
In our previous studies, we found that heating human U-1 melanoma or HeLa cells at temperatures ranging from 42.5-45.5uC induced the translocation of Mre11, Rad50 and Nbs1 from the nucleus to the cytoplasm (32, 33) . This translocation was increased significantly if cells were irradiated prior to heating. Similar findings were reported by Roti Roti and coworkers after heating at 41uC (34) . These findings had led us and others to hypothesize that translocation of proteins of the Mre11 complex was responsible at least in part for heat radiosensitization and inhibition of DSB repair. In the current study, we show that translocation of MRN proteins cannot account for the thermal sensitization of irradiated cells. We also show that Mre11 represents a critical target for heat radiosensitization and that the protein is extremely heat-labile and associates with hsp70 long after the heat exposure. These data provide clues regarding potential mechanisms by which irradiated cells are sensitized by heat.
MATERIALS AND METHODS

Cells and Culture Conditions
Asynchronous U-1 human melanoma cells, HeLa CCL-2 cells, or cells of various repair-defective cell lines were grown in monolayer in 25- (24) . The recipient cell line for the empty vector and Nbs1 constructs was the ILB1 cell line, an SV40-transformed, immortal NBS fibroblast line established from primary cells from a patient carrying common founder mutation 657del5; this line was originally obtained and characterized by Dr. Margaret Zdzienicka (Leiden University) (36) .
HeLa cells stably transfected with pTRE-hRAD50 (HeLa-Rad50 cells) or transfected with ptTA-hygro were established as described by Shin et al. (37) . Briefly, after cells were transfected with the ptTAhygro plasmid (Clontech Laboratories, Palo Alto, CA), surviving colonies in hygromycin-containing medium were isolated. pTREhRAD50 DNA and the pSVneo plasmid were cotransfected in the presence of tetracycline (Tc) (2 mg/ml) into one of the ptTA-expressing stable clones. Clones expressing hRAD50 were cultured in DMEM supplemented with 10% ISCS and containing 0.4 mg/ml G418, 0.1 mg/ ml hygromycin, and 2 mg/ml Tc. Forty-eight hours prior to experiments, Tc was removed from the medium, resulting in a 1.5-fold increase in Rad50 content.
Irradiations, Hyperthermia, Drug Treatments and Measurement of Clonogenic Survival
Cells were either irradiated with various doses of 250 kVp X rays using a Siemans Stabilipan X-ray machine or irradiated and then heated in a water bath for 10 min to 2 h at 41.5-45.5uC (± 0.01uC). Medium was changed and flasks were placed on ice for 5 min prior to irradiation. All irradiations were done while cells were on ice (total time on ice was 15 min). After irradiation, medium was replaced with fresh 37uC medium. Some samples were then heated. After treatments, cells were either trypsinized immediately and plated into normal growth medium for analysis of clonogenic survival or returned to a 37uC incubator for various times prior to trypsinization.
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For leptomycin (LMB) experiments, cells were either incubated in the presence of LMB for 2 h prior to and during treatment or incubated in ethanol (vehicle). LMB was kindly provided by Dr. Minoru Yoshida (University of Tokyo) (38) . Clonogenic cell survival was determined as described previously (39) .
Immunoprecipitation and Western Blotting
Immunoprecipitation of whole cell lysates was performed with modifications to methods described by Xu et al. (34) . After 72 h of asynchronous cell growth in 175-cm 2 tissue culture flasks, 1 3 10 7 cells were heated at 42.5uC or 45.5uC and/or incubated at 37uC. Cells were trypsinized and centrifuged at 4uC for 7 min at 1,600 rpm, washed twice in cold PBS, incubated in lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.2 mg PMSF, 1 mg/ml leupeptin) for 30 min on ice with intermediate mixing, and then centrifuged at 4uC for 15 min at 10,000g. Supernatants were collected and incubated with protein A/G sepharose beads (Calbiochem, Gibbstown, NJ) for 1 h on ice and sedimented for 10 min at 10,000g to separate and remove the sepharose. New supernatants were combined with 5 mg of antihMre11 antibody (rabbit polyclonal, Calbiochem, La Jolla, CA; catalogue number: PC388) and incubated overnight on a rocker at 4uC. Samples were then incubated for 4 h with 75 ml of protein A/G sepharose beads on a rocker at 4uC. The immunoprecipitates were collected by centrifugation at 10,000g for 30 s and then washed with 500 ml of lysis buffer four times. The immunocomplex-bound beads were boiled in SDS sample buffer, and supernatants were collected for quantification and electrophoresed in a 7.5% SDS-PAGE gel prior to immunoblotting. Nitrocellulose blots were probed for both Mre11 and Hsp70 (Stressgen, Ann Arbor, MI). Western blots were scanned and relative intensities of protein bands were obtained in each lane using NIH ImageJ. Intensities of Hsp70 bands were normalized to the unheated Hsp70 control band. Similarly, intensities of Mre11 were normalized against the unheated Mre11 control. This Mre11 normalization factor was then used to correct the Hsp70 values for loading error, since the amount of Mre11 does not change in heated samples of whole cell lysates (32) .
Purification of Mre11 and Measurement of Mre11 Exonuclease Activity
Recombinant baculovirus driving expression of His6-tagged Mre11 was obtained from Dr. James Carney (University of Maryland, Baltimore County) and virus was amplified, titered and used to infect SF-9 insect cells. Forty-eight hours after infection, cells were collected by centrifugation and cell-free extracts were prepared as described previously by Hermanson and Turchi (40) . Briefly, cells were allowed to swell in hypotonic buffer and lysed via Dounce homogenization followed by brief sonication. Insoluble material was removed via sedimentation at 12,0000g for 30 min and the supernatant was precleared on a phosphocellulose matrix at 1 M NaCl. The flow through was directly applied to a 2-ml Ni-NTA agarose column and washed extensively with buffer containing 10 mM imidazole. The bound protein was then eluted in buffer containing 350 mM imidazole and fractions containing MRE11 were identified by SDS-PAGE. Fractions were pooled and dialyzed in buffer containing 50 mM NaCl and further fractionated on a Q-Sepharose column. Bound proteins were eluted with a linear gradient from 50-750 mM NaCl. Active fractions were identified, pooled and dialyzed in buffer containing 50 mM NaCl and 10% glycerol.
A 30-bp oligonucleotide substrate (SJC1.5-TCT CTG GCC TCT TCC CTT TCT TCC CCC TTT) was labeled with 32 P at the 59 end and was annealed to a 35-bp oligonucleotide (SJC1.5C-Xba-CTA GAA AGG GGG AAG AAA GGG AAG AGG CCA GAG A). This resulted in a 59-labeled 39-recessed double-stranded substrate.
Three micrograms of purified Mre11 (in a 50 mM NaCl/10% glycerol buffer) was heated at 42.5u or 45.5uC for various times in a water bath. After heating, protein was put on ice for 1 min and then centrifuged at 14,000 rpm for 1 min. Two micrograms was then taken and used for nuclease reactions. Reactions contained exonuclease buffer (50 mM Hepes, pH 7.5, 50 mM KCl, 1 mM DTT, 5 mM MnCl 2 , 0.01% NP-40), 200 pmol of DNA substrate, and Mre11 to a total volume of 20 ml. Reactions were incubated at 37uC for 60 min. Each reaction was mixed with 20 ml of 23 formamide loading buffer and then loaded onto a sequencing gel containing 15% acrylamide and 7 M urea. The gel was exposed on a phosphor-screen and scanned using a phosphorimaging system (GE Healthcare, Piscataway, NJ), and exonuclease activity was determined using Imagequant software (GE Healthcare).
RESULTS
Leptomycin B (LMB) is a potent inhibitor of CRM1-mediated nuclear export of proteins containing a nuclear export sequence (38) . We previously found that a nontoxic concentration (10 nM) of LMB inhibits translocation of Mre11, Rad50 and Nbs1 (from the nucleus to the cytoplasm) that normally occurs in U-1 cells that have been irradiated and then heated at 45.5uC for 15 min (32, 33) . If translocation is involved, then LMB should protect cells from heat radiosensitization as determined using a clonogenic cell survival assay. To determine whether translocation of the proteins of the Mre11 complex correlates with heat radiosensitization, we compared clonogenic survival of U-1 cells that were irradiated with various doses of X rays and then heated at 45.5uC in the presence or absence of LMB (Fig. 1) . The concentration of LMB used in this experiment was previously shown to be sufficient to inhibit the translocation of Mre11, Rad50 and Nbs1 of irradiated and heated cells. We reasoned that inhibition of translocation of proteins of the Mre11 complex with LMB should reduce heat radiosensitization if translocation was indeed involved in the phenomenon. However, LMB treatment did not reduce heat radiosensitization of irradiated, heated U-1 cells; a similar amount of heat radiosensitization was obtained in cells that had been irradiated and then heated, regardless of whether they were treated with LMB or vehicle (ethanol, ETOH). We therefore concluded that heat radiosensitization is not mediated through the translocation of one or more of the proteins of the Mre11 complex induced by hyperthermia treatment.
Our previous data indicating that much of the Mre11, Rad50 and Nbs1 content of the nuclei of heated, irradiated cells translocates to the cytoplasm, coupled with our recent study that showed that heat inhibited the formation of MRN repair foci and resulted in a decreased interaction between the three proteins (41), suggested that one or more of the individual proteins denatures or must undergo conformational changes after heating. Each of the proteins thus represented a potential target for heat inactivation. We therefore posited that inactivation of any or all of the MRN proteins might be expected to result in heat radiosensitization. A systematic evaluation of Mre11, Rad50 or Radiosensitive NBS fibroblasts (designated as LXIN) that fail to express Nbs1 protein (but in which Mre11 and Rad50 still form a complex) (24) and NBS cells in which a normal copy of the NBS1 gene was introduced (and that express full-length Nbs1 protein at levels comparable to normal fibroblasts, designated as NBS1) were either irradiated with various doses of X rays or irradiated prior to being heated for 10 min at 45.5uC (Fig. 2) . LXIN cells lacking Nbs1 showed enhanced radiosensitivity compared to Nbs1-complemented NBS1 cells, as expected. Both cell lines were also sensitized to ionizing radiation by the postirradiation hyperthermia treatment. Indeed, a similar amount of heat radiosensitization was observed when the respective lines of irradiated cells were compared to cells that where heated after irradiation. That is, when survival curves were obtained for irradiated or irradiated and heated fibroblasts lacking Nbs1 and compared with survival curves obtained for cells expressing normal levels of Nbs1, we found that heat radiosensitization was not reduced in the cells deficient in Nbs1. These results indicate that Nbs1 is not essential for heat radiosensitization. If Nbs1 were a target for or played a role in heat radiosensitization, the survival curves of irradiated LXIN cells compared to irradiated and heated LXIN cells would be superimposable, or nearly so; that is, a significant reduction of radiosensitization would have been observed in cells deficient in Nbs1 compared to cells expressing near-normal amounts of Nbs1 (at a surviving fraction of 0.01, a thermal enhancement ratio, or TER, of 1.2 was calculated for both cell lines).
Experiments in which the level of Rad50 protein was modulated in HeLa cells yielded similar results in two distinct series of experiments ( Fig. 3 and Supplementary  Fig. 1 ; http://dx.doi.org/10.1667/RR2594.1.S1). In one set of experiments, heat radiosensitization of HeLa cells that had been rendered deficient in Rad50 using a small interfering RNA (siRNA) approach was compared to cells expressing normal levels of Rad50 (Fig. 3) . A knockdown approach was employed due to the lack of availability of Rad50-null cell lines. A reduction of Rad50 in siRNA-treated cells to 40% of the level found in nuclei of control cells was achieved; this level was nearly equivalent to the amount of Rad50 remaining in nuclei of cells after the heat-induced translocation of MRN proteins to the cytoplasm noted in our previous studies (33) . Cells were then either irradiated or irradiated and then heated for 2 h at 41.5uC. The reduction in Rad50 alone resulted in slight radiosensitization of irradiated siRNA-transfected cells compared to cells transfected with scrambled RNA (scRNA) at higher radiation doses. The lack of significant radiosensitization with the level of knockdown achieved in this experiment would appear to corroborate the conclusion reached in Fig. 1 that it is not the reduction of Rad50, mediated by heat-induced translocation, that results in heat radiosensitization. In Fig. 3 , we also show that the extent of heat radiosensitization of cells in which Rad50 protein expression was reduced after transfection of cells with Rad50 siRNA was similar to that in cells that had been transfected with scRNA over the total range of radiation doses. Thus, as with Nbs1, these data suggest that Rad50 is not a target for heat radiosensitization (at a surviving fraction of 0.01, an identical TER of 1.2 was calculated for cells expressing normal levels of Rad50 and cells in which Rad50 was suppressed). In a second set of experiments, HeLa cells induced to express a 1.5-fold higher level of Rad50 (as determined by quantitative Western blotting; data not shown) after removal of Tc, designated as Tc (2) 
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result in an increase in radioresistance in cells that were only irradiated.
Since neither Rad50 nor Nbs1 appears to be essential for heat radiosensitization, we next determined whether Mre11 played a role in heat radiosensitization. Cells obtained from patients with ataxia telangiectasia-like disorder produce a truncated hypomorphic form of the Mre11 protein; subcellular distribution of Mre11 is aberrant, and formation of MRN foci in response to ionizing radiation is abrogated (7) . A-TLD1 cells transduced with wild-type Mre11 cDNA and that produce levels of functional Mre11 protein comparable to normal cells (designated in Fig. 4 as ATLD-Mre11) were much more radioresistant than A-TLD1 cells transduced with vector only (designated ATLD-Vector in Fig. 4) . Heat radiosensitization was observed in ATLD-Mre11 cells, most notably at radiation doses of 4 Gy or greater (Fig. 4A) . However, we found that the survival curves for ATLD-Vector cells lacking Mre11 that were irradiated or that were irradiated and heated for either 2 h at 41.5 or 10 min at 45.5uC were almost superimposable ( Fig. 4A and B) . From interpolation of the data in which heat radiosensitization might be mediated. Since the bulk of our earlier studies to determine the role of MRN proteins in heat radiosensitization were performed using 42.5uC (moderate or chronic) or 45.5uC (acute) heat treatments, these temperatures were used for the remainder of the experiments.
Since heat may cause structural and functional changes in proteins, we hypothesized that the exonuclease activity of Mre11 may be altered by heat shock. We therefore subjected purified Mre11 to hyperthermia treatment and assessed its ability to degrade a 59-labeled 39-recessed double-stranded substrate. Heating at 42.5uC induced a significant and rapid decrease in Mre11activ-ity as indicated by a reduction in the degradation of the DNA substrate by the purified protein (Fig. 5) . A quantitative analysis of DNA degradation revealed that 1 h of heating of purified Mre11 at 42.5uC reduced exonuclease activity to approximately 10% of the unheated control protein. Rapid loss of exonuclease activity was also observed when Mre11 was heated at 45.5uC (Supplementary Fig. 2 ; http:dx.doi.org/10.1667/ RR2594.1.S1). Exonuclease activity of purified Mre11 was greatly reduced (compared to unheated control Mre11 protein samples) after just 5 min of heating (representative gel shown in Supplementary Fig. 2) .
After a moderate (42.5uC, 2 h) hyperthermia treatment, hsp70 associates and then remains associated with Mre11 in HeLa cells long after the actual heat exposure (Fig. 6 ). Mre11 levels (as measured from whole cell lysates) remained relatively constant, while the amount of hsp70 associated with Mre11 increased throughout the 7-h period of post-heat incubation at 37uC. Similar results were obtained after heating cells for 15 min at 45.5uC (Supplementary Fig. 3 ; http://dx.doi.org/10.1667/ RR2594.1.S1) [a nearly equitoxic exposure (data not shown)].
DISCUSSION
Data from several laboratories support the notion that heat radiosensitization may be attributed to decreased accessibility of repair proteins to sites of DNA damage induced by ionizing radiation (due at least in part to masking of damaged sites by nonspecific protein aggregation, chromatin changes or substrate modification), translocation of repair proteins (specifically the MRN proteins) out of the nucleus, or inactivation of critical DNA repair proteins by heat. Our data indicate that heat radiosensitization is seemingly unrelated to the heatinduced translocation of a large amount of nuclear MRN proteins to the cytoplasm of irradiated cells (Fig. 1) and support the latter scenario. By performing clonogenic cell survival assays on various cell lines that are hypomorphic or deficient in each of the MRN proteins to determine extent of heat radiosensitization, we systematically eliminated Rad50 and Nbs1 as targets, but we implicated a role for Mre11 in heat radiosensitization (Figs. 2-4) . These results are consistent with those of Roti Roti and coworkers (42) , who found that the heat-induced reduction in the availability of nuclear Mre11 for potential participation in the repair of radiation-induced DNA damage contributes at least in part to enhanced sensitivity to ionizing radiation in heated human adenocarcinoma cells. They demonstrated that under conditions where Mre11 is knocked down using siRNA, the unheated cells are substantially radiosensitized, but the Mre11-deficient cells fail to show heat radiosensitization compared to cells expressing normal levels of Mre11. Our results also reconcile well with the data of Xu et al. (43) , which demonstrated that for several human tumor cell lines, the greater the endogenous Mre11 content, the greater the heating time required to elicit radiosensitization in that particular cell line. Curiously, Ohnishi et al. (44) showed that cells deficient in Nbs1 displayed enhanced sensitivity to heat, and given that the protein appears to be required for damage sensing, it is somewhat perplexing that Nbs1 is not a target for heat radiosensitization.
Purified Mre11 rapidly loses its exonuclease activity after exposure to hyperthermia (Fig. 5, Supplementary  Fig. 2 ; http://dx.doi.org/10.1667/RR2594.1.S1). Such a finding (loss of activity of a critical repair enzyme after heat shock) would not be without precedent. Although Ku-dependent NHEJ is not involved in heat radiosensitization (39), the kinase and DNA-binding activity of DNA-PK and both Ku subunits, respectively, are known to decrease rapidly during hyperthermia treatment (45, 46) .
It is attractive to speculate that heat radiosensitization results from the loss of Mre11 exonuclease activity mediated by conformational changes to Mre11. Two of our previous findings suggest that heat induces conformational changes in Mre11. We observed a decreased interaction between Mre11 and other components of Mre11 complexes found in the nuclei of heated, irradiated cells as evidenced by reduced colocalization of Mre11 and Rad50, and inhibition of Mre11 focus formation in cells that were irradiated and heated compared to cells that have only been irradiated (41) . In addition, we found different kinetics of translocation of individual MRN proteins from the nucleus to the cytoplasm of irradiated and heated cells (33) . Both suggest that the MRN complex disassociates and that the NES becomes readily accessible for facilitation of CRM1-mediated nuclear export. Laszlo and Fleischer (47) have recently suggested that 53BP1 [a protein required for ATM-dependent NHEJ as well as alternate NHEJ pathways (e.g., Ku70-independent) (48)] plays a role in heat radiosensitization; since the formation of the c-H2AX/MDC1/53BP1 complex is delayed in heated-irradiated cells, it is likely that 53BP1 or the other repair proteins of that complex undergo heat-induced conformational changes that alter their ability to interact with each other.
While a reduction in exonuclease activity might account at least in part for inhibition of repair of radiation-induced DSBs by hyperthermia, further studies are necessary to determine the effect of heat on other DNA processing functions of Mre11, ideally when the protein has been isolated from cell lysates. It is possible that the reduction in degradation of DNA that we observed is indicative of a true loss in Mre11 exonuclease activity, possibly due to conformational changes or post-translational modification after heat- Mre11 AND HEAT RADIOSENSITIZATION ing; however, the reduction in the ability to degrade a DNA substrate after heating may also reflect an inability of Mre11 to bind to DNA. Within the cell, this could possibly be due to binding of other proteins, such as HSPs (see below). An investigation of changes in endonucleolytic processing by Mre11 after heating is also warranted.
The notion that Mre11 may become denatured or aggregated with other proteins was strengthened by the finding that Hsp70 associates with Mre11 during heating (Fig. 6, Supplementary Fig. 3 ; http://dx.doi.org/10.1667/ RR2594.1.S1), and that changes in the association of hsp70 with Mre11 correlate well with the radiosensitization of HeLa cells by 41uC (49) . Dote et al. (50) found that Hsp90 associates with the MRN complex and facilitates interaction between Nbs1 and ATM under normal conditions (e.g., cells maintained at 37uC). Treatment of cells with the Hsp90 inhibitor 17DMAG reduced the ability of MRN to form foci after irradiation. It is possible that the association of Mre11 with hsp70, while potentially assisting in the refolding of Mre11 or in preventing its denaturation, alters the interaction of the MRN complex with, contributes to inhibition of MRN focus formation after heat shock, and also interferes with its ability to effect DSB repair in cells that have been irradiated and heated. However, it is also possible that the heat-induced binding of hsp70 to Mre11 may compromise its ability to function as an exonuclease that acts on DSBs or impede other critical functions of Mre11 in irradiated cells.
Since we have previously shown that Ku-dependent NHEJ is not involved in heat radiosensitization (39) , by deduction one might assume that either D-NHEJ (alternative NHEJ) or HR, or both pathways, must also be implicated in heat radiosensitization, since Mre11 is known to function in both pathways. Using an siRNA approach, cells in which Mre11 was knocked down to 30-40% of control levels were significantly radiosensitized (42) . This observation, coupled with the development of drugs such as mirin that inhibit Mre11 exonuclease activity (51) , suggests that Mre11 may be an attractive target to be exploited in radiotherapy.
